In search for an approach to identify physiological targets for therapeutic intervention in obesity management, we have revisited the classic human overfeeding studies of the 1960s, with new emphasis on a`subgroup' of volunteers who were shifted between overfeeding on a typical af¯uent (normal-protein) diet and overfeeding on a low-protein diet. Following a re-analysis of these data, the arguments are put forward that since low-protein overfeeding is not only a potent stimulus of thermogenesis, but also an ampli®er (or magni®er) of the small inter-individual variations in thermogenesis on the af¯uent (normal-protein) diet, it can be used as a tool to unmask some of the genetic and metabolic basis underlying human susceptibility to leanness and fatness.
Introduction
For more than 100 years, physiologists have been trying to unravel the mechanisms by which certain individuals can offer considerable resistance to weight gain in response to overeating. Voit, 1 in his theory of plethora, ®rst suggested that excess calories may be converted directly to heat, but there was some confusion as to whether this was the same as the Speci®c Dynamic Action ®rst described by Rubner. 2 However, Neumann 3 referred to the phenomenon as Luxuskonsumption, but much later (in the mid-1960's) this was replaced by the term in use today Ð thermogenesis Ð when Miller and Mumford 4 discussed the potential importance of variations in heat production in the aetiology of obesity. They subsequently conducted a series of overeating experiments designed explicitly to determine the capacity of humans to resist obesity by disposing excess calories as heat. 5, 6 Using diets providing 3% protein (low-protein, LP) and 15% protein (termed high-protein, but actually normal-protein, NP) to overfeed university students a daily excess of 4.2 MJ (1000 kcal) or more over periods of 3 ± 6 weeks, they reported that the ef®ciency of weight gain was less than predicted if the excess calories were laid down as body fat; this deviation from predictions being particularly marked during LP-overfeeding. In the absence of signi®cant changes in digestibility, in body composition and in physical activity level, they attributed the bulk of the`missing calories' (re¯ected in the low ef®ciency of weight gain) to an increase in heat production, and the term dietary-induced thermogenesis came into existence. This was subsequently shortened slightly to dietinduced thermogenesis and abbreviated as DIT by Stirling and Stock. 7 By early 1970's, the concept of DIT as an adaptive phenomenon in the resistance to obesity gained some support with the publication of the 200 d overfeeding studies of Sims et al, 8 who showed that among prisoners in Vermont, certain individuals increased body weight by an expected 20 ± 25%, whereas others resisted weight gain, even though they were consuming more calories than those who became obese readily.
DIT in humans: the controversy
Although the notion of inter-individual variability in metabolic susceptibility to obesity has since gained momentum, 9 and the importance of genes in determining such susceptibility to leanness and fatness is now recognized, 10 the importance of variations in thermogenesis in human susceptibility to obesity has been the subject of considerable controversy. In fact, as pointed out by Stock in the review that precedes this commentary, 11 the majority of overfeeding studies conducted during the past 3 decades have failed to demonstrate a high cost (that is low ef®-ciency) of weight gain in response to overconsumption of diets typical of af¯uent societies, in which protein contributes 12 ± 16% of energy intake. Furthermore, in a closer inspection of the gluttony experiments of Miller et al, 5, 6 Stock shows that the cost of weight gain on the NP diet (15% protein) was more or less what would be predicted if there was no change in energetic ef®ciency. 11 By contrast, the cost of weight gain in those volunteers overfed the LP diet (3% protein) was well above the predicted values if the gain in weight was entirely fat, and could only be due to a large decrease in energetic ef®ciency Ð that is to the activation of DIT during overfeeding on the LP diet.
Revisiting gluttony 1 and 2
One aspect of the original overfeeding studies of Miller et al 5, 6 that was mainly overlooked was that 4 subjects who were overfed on the LP diet for 4 weeks, were then shifted to the NP diet while maintaining the same level of overfeeding for another 3 ± 4 weeks; a ®fth subject did the reverse (4 weeks NP, 4 weeks LP). We have now re-evaluated the data for these subjects, and present in Figure 1 , their energy cost of weight gain (excess MJ consumed per kg weight gained) on these two diets. It is shown that for all the ®ve individuals, the cost of weight gain is much higher on the LP diet (range of 80 to b 300 MJakg) than on the NP diet (range of 25 ± 45 MJakg), but interestingly there is also a very good correlation (r b 0.9) in the energy cost of weight gain between the NP and LP diets. In other words, the lowgainers (that is those with the highest cost of weight gain) during LP overfeeding were also the low-gainers during NP overfeeding, and vice versa the highgainers (that is those with the lowest cost of weight Figure 1 Unmasking of inter-individual variability in thermogenesis by low-protein overfeeding. The data represents the energy cost of weight gain (excess MJ consumed per kg weight gained) during 3 ± 4 weeks of overfeeding in the ®ve human volunteers who participated in both the normal-protein (NP) and low-protein (LP) overfeeding in the Gluttony Experiments of Miller et al. 5, 6 The data are calculated from raw data on metabolizable energy (ME) intake and weight changes provided in Table I ± III (5); all the ®ve subjects, #27, 28, 30, 33, and 34 were young adults of normal body weight and BMI. The macronutrient composition of the diets consumed by the subjects are also provided in the Table I ± III of these studies, with protein, fat and carbohydrates contributing about 3, 45 and 52% on the low-protein (LP) diet, and about 15, 45 and 40% on the normal-protein (NP) diet (which the authors refer to as`high-protein', probably in the context of contrasting a diet higher in protein with the low-protein diet). The two horizontal broken lines (enclosing the shaded area) correspond to predicted energy cost of weight gain on the assumption that weight gain is either 100% fat (45 MJakg) or 60% fat (30 MJakg), the latter value including cost of fat-free-mass gain. 11 The greater the deviation from the predicted values, the greater the likelihood that the excess calories were dissipated via enhanced diet-induced thermogenesis (DIT). It is to be noted that subject #27 is not included in the regression analysis since the absence of weight gain in this subject during LP-overfeeding yield a value for energy cost of weight gain approaching in®nity ( 1 ) , that is a zero ef®ciency of weight gain. Indeed, if instead of energy cost (excess MJaweight gain) the data are expressed in terms of ef®ciency (weight gainaexcess MJ consumed), this value can then be included in the regression analysis Ð in which case the correlation coef®cient is also high (r 0.9).
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It can be inferred from the above analysis that the individual's characteristic constitutional resistance (or susceptibility) to weight gain was maintained during overfeeding on both diets. In other words, the interindividual variability in the ef®ciency of weight gain during overfeeding on the NP-diet was conserved during overfeeding on the LP-diet, and vice versa. The existence of this relationship shown in Figure 1 therefore raise two important issues pertaining to our understanding of the functional role of DIT and to our search for physiological avenues to activate thermogenesis in the management of obesity.
Biological signi®cance of lowprotein thermogenesis
The ®rst issue to be considered is why the same individual can apparently dispose of a considerable excess of energy when the diet is low in protein, but to a much lesser extent when the dietary protein level is adequate? Bearing in mind the demonstrations of the potent stimulatory effect of protein de®ciency on thermogenesis (thereby underlying the low ef®ciency of growth) in many species including laboratory rodents, pigs, monkeys and human infants, 12 ± 15 and that other nutrient de®ciences Ð for example in vitamin A, copper, iron and potassium Ð also result in low ef®ciency of growth and increased thermogenesis, 16 the teleological argument can be put forward that a high capacity to activate DIT has emerged during the course of evolution as an adaptation to nutrient-de®cient diets. As argued by Stock, 11 the necessity to increase DIT in the face of nutrientde®cient diets probably had survival advantage during the course of mammalian evolution since it enables the overeating (on an energy basis) of such nutrient-de®cient diets in an attempt to achieve an adequate intake of the speci®c nutrient, but without the disadvantage of excessive fat accumulation Ð a hindrance to optimal locomotion, hunting capabilities, and the ability to ®ght or¯ight. Viewed in terms of survival value, it is therefore not surprising that protein de®ciency is a most potent dietary stimulus of thermogenesis, and Miller, who was very much aware of this following earlier studies on protein : energy requirements for maintenance, 17 therefore selected a low-protein diet in order to test the ability of humans to resist weight gain during overfeeding. 5, 6 Low-protein overfeeding as a tool to study human variability in thermogenesis
The second aspect arising from the analysis shown in Figure 1 concerns the possibility that humans do possess a much larger capacity for DIT than is generally recognized, but that capacity is poorly recruited during overfeeding on well-balanced diets. This is even more apparent in Stock's analysis 11 of many different overfeeding studies employing a variety of balanced and unbalanced diets. Stock also shows that there is very little inter-individual variation when well-balanced diets are used, whereas overfeeding unbalanced diets unmasks a hitherto unexpected diverse range of individual responses. The extent to which the mechanisms underlying DIT are recruited would seem to be a function of both the individual (as judged by the inter-individual variability within each diet group) and the dietary protein level, with the recruitement for DIT being weak on normal-protein diets, but particularly pronounced with low-protein diets, but also evident on higher than normal (for example 20%) protein diets.
11
Since even small inter-individual variations in the ef®ciency of weight gain (and hence variations in thermogenesis) on well balanced diets can Ð over months and years Ð contribute to weight maintenance in some and obesity in others, the possibility arises that overfeeding low-protein diets could serve as a tool for maximising DIT to exaggerate individual differences in energetic ef®ciency. In other words, low-protein overfeeding may serve as a`magnifying glass' for unravelling the genetic and metabolic basis by which variations in thermogenesis contribute to susceptibility to leanness and fatness during overconsumption of the typical (well balanced) diets of our af¯uent societies.
As we enter a new millenium, with obesity in epidemic proportions and no truly effective therapy in the foreseeable future, it is ®tting to re¯ect back on two famous quotes Ð the ®rst dating more than 225 years ago by Lavoisier that`Life is a combustion', and Miller's 18 more recent observation that`the ®re of life seems to burn brighter in some than in others'. So that we may ®nd new physiological targets for therapeutic intervention in obesity management, we may need to understand as to why the ®re of life seems to burn brighter in some than others. Thus, it may prove necessary to simulate the appropriate (unbalanced) dietary conditions under which DIT is recruited in order to unmask the genetic and metabolic machinery responsible for human variability in thermogenesis.
